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Abstract 
In this study, a crack in commercially-pure Titanium (CP-Ti) is observed with optical means during its 
propagation in fatigue. Digital image correlation is then used to extract directly, with no post-processing 
step, the crack tip location and the corresponding stress intensity factor amplitude to evaluate the 
parameters of Paris’ law, the T-stress component and an estimate of the plastic zone shape. 
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1. Introduction 
In order to determine a propagation law for thin sheets of Ti35 (CP-Ti, max 0.2wt% Fe, 0.18wt% O, 
0.08wt% C, 0.03wt% N, 0.015wt% H2), a 0.3 mm center-cracked sample is subjected to a cyclic loading 
inducing the propagation of the crack. Pictures are shot regularly for the analysis proposed herein. Since 
the first attempt to measure a stress intensity factor by digital image correlation [1], a lot of improvements 
have been proposed. Post-processing approaches enable for the extraction of mechanical parameters from 
measured displacement fields. After the measurement step, the measured field is projected onto reference 
(i.e., mechanically admissible) fields [2]. The amplitudes associated with these reference fields give 
access, for instance, to stress intensity factors. In the present study, so-called integrated approaches [3] or 
I-DIC allow us to measure directly the mechanically relevant displacement field from the raw images, and 
to identify fracture mechanics parameters as direct outputs of the correlation procedure.  
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2. Experimental procedure 
To observe crack propagation, a cyclic fatigue test is performed along the longitudinal direction of 
forming of CP-Ti sample (load ratio: R = 0.1, load frequency: f = 10 Hz). As shown in Figure 1 (a), the 
images are taken every 1000 cycles up to failure of the sample, for the minimum and maximum loading. 
The maximum force F corresponds to approximately 120 MPa of remote stress. It is about 50% of the 
initial yield stress y of the tested material. The center-cracked sample is shown in Figure 1 (b). The 
propagation is assumed to be symmetric, an assumption which allows us to focus on one side of the crack.  
 
    
Figure 1. (a) Schematic loading of the sample. The red circles depict image acquisition. (b) Dimensions of the center-cracked 
sample whose thickness is equal to 0.3 mm. 
3. Parameter extraction 
The sample is observed by a single camera and a telecentric lens focused on the vicinity of one of the 
notch tips in order to avoid out-of-plane displacement artifacts. The image in the deformed configuration 
g is related to that in the reference configuration f by assuming gray level conservation 
  (1) 
where u is the sought displacement field. In the following, an integrated global DIC approach is followed. 
It consists in minimizing the correlation residuals in the whole region of interest when the sought 
displacement field is decomposed over a basis issued from linear elastic fracture mechanics fields [2] 
expressed in the complex plane

with

  

where z = r exp(i) is the coordinate of the current point with respect to the crack tip,  shear modulus, 
and  a dimensionless parameter equal to (3-)/(1+) in plane stress,  Poisson’s ratio. In the following, 
orders ranging from n = 3 to 5 are considered [4]. For instance, amplitudes 1 and 1 associated with 
fields 1 and 1 are mode I and II stress intensity factors (SIFs), KI and KII. The crack tip is positioned by 
cancelling out amplitude -1 of the first supersingular field [3].  
(2) 
(3) 
(4) 
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4. Results 
4.1. Displacement and correlation residual fields 
Figure 2 (a-b) shows a displacement field between minimum and maximum loading after 60,000 
cycles. The region considered in the analysis is delimited by the white dashed curves. For an assumed 
crack tip location, the residual (gray level error) is minimized within the region of interest. The external 
radius turns out to have little influence on the measurement results provided it is large enough to 
encompass a significant zone; the internal radius and the box around the crack must be kept to a minimum 
value (50 pixels in the present case) in order not to consider a regions affected by plastic strains in the 
vicinity of the crack tip. 
The correlation residuals are shown in Figure 2 (c). Their level remains very low, i.e. of the order of 2 
percent of the dynamic range of the reference picture in the considered zone. This low value indicates that 
the registration was successful and that the measured displacements are trustworthy. It can be noted that 
in the immediate vicinity of the crack front the registration would have been less successful, had the 
corresponding region not been masked. The fact that the mean level is virtually independent of the 
number of cycles (Figure 2 (d)) shows that except for the very last points, the proposed framework is 
validated. 
 
(a)                                                                     (b) 
 
(c)                                                                     (d) 
Figure 2. (a) Horizontal displacement in pixels after 60,000 cycles. (b) Vertical displacement in pixels after 60,000 cycles. (c) Gray 
level error between corrected deformed image and reference image, normalized with respect to the dynamic range of the reference 
image. (d) Mean gray level error over the whole image as a function of the number of cycles. The dashed region is considered in the 
correlation analysis. The physical size of one pixel is equal to 6.57 μm. 
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4.2. Crack propagation parameters 
Having determined amplitudes n and n for all the considered pictures, it is possible to plot the 
change of the SIF amplitude with the crack length increment (Figure (3 (a)), and the latter with the 
number of cycles. This estimate is compared to the one proposed by Tada et al. for a CCT specimen [5] in 
Figure 3 (a)
 


where F is the applied load, b the thickness of the sample, W its width, and a the length of the center 
crack. A good agreement is observed except at the end of the experiment for which large scale yielding is 
likely to occur, or buckling of the sample under the resulting transverse compression. 
 
 
(a)                                                                     (b) 
Figure 3. (a)  Measured SIF amplitude KI and Tada et al. expression versus measured crack length increment a. (b) Measured 
crack length increment as a function of number of cycles. 
The previous results allow us to determine the parameters of the crack propagation law when 
described by a Paris’ model. Figure 4 shows plots of Paris’s law with and without threshold


where Kth denotes the threshold SIF amplitude below which no propagation occurs. Values of the 
identified parameters are given in Table 1. The results obtained herein are in good agreement with others 
reported on a different grade [6]. 
Table 1. Values of propagation parameters without (a) and with (b) threshold SIF. Units: a in mm, K in MPa.m0.5. 
Parameter A m  Parameter B Kth p 
Value using the 
present approach 
1.05×10-7 2.76  Value using the 
present approach 
1.47×10-6 3.3 1.95 
 
(a)                                                                     (b) 
   
	



















(6) 
(7) 
(5) 
Florent Mathieu et al. / Procedia Engineering 10 (2011) 1091–1096 1095
 
Figure 4. Paris’ plots with and without threshold. 
4.3. T-stress component 
The T-stress component is another contribution of William’s series that can be measured thanks to I-
DIC, since it is directly related to 2. Its estimation is compared to that proposed by McClintock for a 
CCT specimen [7] 
 
   
 
with Sy the remote stress. The result is presented in Figure 5. There is a very good agreement with the 
analytical prediction. The propagation during the experiment occurs essentially with a constant T-stress of 
the order of 120 MPa. However, at the end of the experiment, large scale yielding induces a change of 
the T-stress level, or a lack of reliability of the present analysis if buckling takes place. 
 
 
Figure 5. T-stress estimation for I-DIC and an analytical method [7]. The end of the propagation shows how DIC can be useful to 
register account for nonlinear effects, such as the increase of the absolute value of the T-stress in the present case, or the violation of 
analysis assumptions (e. g. as would occur for out-of-plane buckling).  
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4.4 Plastic zone shape 
The computation of the stress field corresponding to the measured displacement field [8] allows us to 
estimate the plastic zone shape, as the zone where the equivalent Von Mises’ stress is greater than twice 
the yield stress. This estimation does not account for stress redistributions around the plastic zone. The 
contributions of K1 and T-stress are analyzed in Figure 6. A significant difference is observed. 
 
Figure 6. Estimated plastic zone shape for the measured field, for image 60, for K1 alone (yellow) and K1+T-stress (red). 
5. Conclusion 
The digital image correlation technique presented herein allows for the identification of a crack-
propagation law directly from a series of images taken during a CCT experiment on Ti35. This work 
shows that different parameters can be extracted directly from pictures with no post-processing step. 
When comparison to analytical results was possible, a good agreement was obtained.  
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